The Reynolds number in nanofluids studies depends on the inlet velocity and the kinematic viscosity of nanofluid. The nanofluid kinematic viscosity increases with an increasing in nanoparticles volume fraction while the inlet velocity should be increased to keep the Reynolds number constant. Therefore, it is not clear that either increasing the nanoparticles volume fraction or increasing the inlet velocity has major role on heat transfer enhancement in nanofluids flow studies which are done at constant Reynolds numbers. In this study, forced convection Al 2 O 3 -water nanofluid flows in two-dimensional rectangular microchannels have been investigated to study heat transfer enhancement due to addition of the nanoparticles to the base fluid especially in microchannels at low Reynolds number. Three k thermal conductivity (Wm -1 K -1 ) k B Boltzmann constant (=1.3807×10 -23 j/k) Kn Knudsen number ( λ/D h )
different cases are examined to evaluate proportion impact of increasing nanoparticles volume fraction (φ) and the inlet velocity (u in ) on heat transfer enhancement. Two-dimensional Navier-Stokes and energy equations accompany with the slip velocity and the jump temperature boundary conditions expressions have been discretized using the Finite Volume Method (FVM). The Brownian motions of nanoparticles have been considered to determine the thermal conductivity of nanofluids. The calculated results show good agreement with the previous numerical and analytical data. It is found that at a given Reynolds number, the major enhancement in the Nusselt number is not due to increasing the nanoparticle concentrations but it is due to the increasing the inlet velocity to reach a constant Re. Constant Reynolds number studies of nanofluids are not sufficient approach to evaluate the heat transfer and the skin friction factor due to the nanofluids usage. 
Introduction
With the development of science and technology, people begin to realize that with the size decreasing the system will own many advantages that do not appear in conventional size, including compact size, disposability, and increased functionality [1] . requires an infinitely high frequency of collisions between the fluid and the solid surface [1, 2] . In practice, the no-slip/no-jump condition leads to fairly accurate predictions as long as Kn < 0.001. Beyond that, flow in devices shows significant slip since characteristic length is on the order of the mean free path of the fluid or gas molecules. It means that the collision frequency is simply not high enough to ensure equilibrium and a certain degree of tangential velocity slip and temperature jump must be appeared. Slip velocity at the wall is the most important feature in micro/nano scale that differs from conventional internal flow. Therefore, the slip flow characteristics are very important for designing and optimizing the micro/nano systems. On the other hand, the optimization of microchannels design is affected significantly by their reliability and thermal performance. It is found that the temperature jump effects are very important and should be included in the modeling of the slip flow heat transfer problems, and neglecting these effects leads to a significant overestimate of heat transfer coefficient [3, 4] .
In most of the previous research, low thermal conductivity base fluids such as air or water have been employed to study the fluid flow in microchannel. The heat transfer of fluids flow is limited base on thermal properties of fluids. However, demanding for increasing the heat transfer in microchannel needs to improve thermal properties of base fluids. One of the presented solutions for this problem is adding solid nanoparticles with high thermal conductivity such as Al 2 O 3 , Cu or CuO to the base fluid which are called nanofluids. During the past two decades, scientists and researchers have been attempting to develop nanofluids, which can offer better heating and cooling performance for variety of thermal systems compared to traditional heat transfer fluids. It is found by numerous numerical and experimental studies that the nanofluids have high thermal conductivities and abilities to increase the heat transfer [5, 6, 7, 8] . The major attempts have been done to investigate the effective thermal conductivity of nanofluids and the effective dynamic viscosity for predicting the thermal conductivity and dynamic viscosity of nanofluids [9] . The most of papers have reported an enhancement in the heat transfer due to increasing the nanoparticle concentration which are done at constant Reynolds number. But some researchers have reported an uncertainty in heat transfer enhancement of nanofluids flow [10, 11] . Akbarinia [10] have investigated heat transfer in the nanofluids flow with constant mass flow rate and reported a reducing in heat transfer with increasing nanoparticles volume fraction.
Recently, the nanofluids utilization in microchannel has been received a great interest amongst researchers. Koo and Kleinstreuer [12] , Jang and Choi [13] and Chein and Huang [14] have studied experimentally improving thermal performance of the nanofluids flow in microchannel with different nanofluid such as CuO-water or Al 2 O 3 -water. The thermal performance of microchannels using nanofluids base on different models for effective thermal conductivity also has been investigated numerically by [15] [16] [17] [18] [19] [20] . 
Analysis

Governing equations
The schematic of the channel and coordinate system are shown in Fig. 1 . The flow is considered along the x-axis and the channel length is chosen 20 time width in order to achieve hydrodynamically developed flow at the outlet.
The (1)
Momentum equations:
Fluid energy equation:
Where i=1, 2 and u i =(u x , u y ) are velocity vectors.
The continuity, momentum and fluid energy equations are non-dimensionalized using following dimensionless parameters:
Therefore, the non-dimensionalized governing equation becomes as follow:
Fluid energy equation: 
Nanofluid properties
The physical properties of nanofluid containing water-Al 2 O 3 can be calculated as follow:
Density:
( )
Heat capacitance:
The presented expression for dynamic viscosity by Maiga et al. [21] which was determined based on available experimental results for water-Al 2 O 3 is given as:
The thermal conductivity of water-Al 2 O 3 nanofluid has been determined from Chon et al. [22] correlation which considers the Brownian motion and mean diameter of the nanoparticles as follow:
Where Pr f and Re f in Eq.(11) are defined as:
.3807×10 -23 j/k) and η has been calculated by the following equation:
Slip velocity and jump temperature
The second order non-dimensionalized velocity slip condition is expressed as [23] :
at the wall and also due to fact that it is second order in the Knudsen number. Similar arguments can be applied to the jump temperature boundary condition, and the resulting from Taylor series leads in dimensionless form [23] :
Values of the thermal and momentum accommodation coefficients ( V σ , T σ ) are near unity for most engineering applications and they are taken as unity in the present study.
After simplifying, the non-dimensional forms of the slip flow velocity and jump temperature boundary conditions are given by:
Boundary conditions
These set of nonlinear elliptical governing equations have been solved subject to following boundary conditions:
• At the channel inlet: the nanofluid velocity and the temperature profiles are assumed uniform and constant (X=0, 0≤Y≤0.5: U=1, θ=0).
• At the fluid-solid interface: The velocity in y direction is zero while the slip velocity and the jump temperature of the nanofluid flow adjacent to the wall is proportional to normal velocity and the temperature gradients at the fluid-wall interface (Equations (17) and (18)). A constant temperature (θ wall =1) at the wall is also applied.
• At the channel outlet: the diffusion flux in the direction normal to the exit is assumed to be zero for the velocity and the temperature while a zero pressure is assigned at the flow exit.
(X=10, 0≤Y≤0.5:
Numerical methods and validations
The sets of coupled non-linear differential equations were discretized using the Finite Volume Method (FVM). The power law scheme was used for the convective and diffusive terms while the SIMPLER procedure was introduced to couple the velocity-pressure as described by
Patankar [24] . The slip velocity and the jump temperature boundary conditions expressions are discretized and employed in the discretization equations.
A structured non uniform grid distribution has been used for the computational domain. It is finer near the microchannel entrance and near the wall where the velocity and the temperature gradients are high. Channel lengths are set to a value greater than the estimated entrance lengths to ensure that fully developed conditions are achieved at the exit. Several different grid distributions have been tested to ensure that the calculated results are grid independent.
As it is shown in Fig.2 increasing the quantity of nodes more than 60 nodes in y direction and 
Where the bulk temperature can be calculated from: The local Nusselt numbers are presented in Fig.4 and are compared also with the results by Yu and
Ameel [26] for Kn=0.04, β=10 and infinity aspect ratio. As seen from this figure a significant agreement between the calculated and numerical results are observed.
Results and discussion
Numerical simulations have been done for three different cases to evaluate the impact of the Hence the major fluid flows in the microchannels are laminar flow with low Reynolds numbers, for this study low Reynolds numbers (7≤Re≤15) are chosen. The non-slip and slip flow simulations for these three cases have been also presented. The nanoparticles volume fraction varies from 0 to 5%, because most published paper have also done in this range. The used values for the inlet velocity and other calculated values of two φ (φ =0 and φ =5%) for the first case (I), the second case (II) and the third case (III) are presented in Table 2 , Table 3 and Table 4 , respectively.
Velocity field
The velocity profiles for different nanoparticles volume fraction (φ ) at Re=10 and Kn=0.01 are shown in Fig. 5 . The non-dimensional momentum equation (Eq. (6)) is only depend on the Reynolds number. Therefore, at a given Re the solid volume fraction does not have any effect on the non-dimensional velocity which is illustrated in Fig. 5a and 5b . However at a given Re, the inlet velocity should be increased with increasing the solid volume fraction to keep Re constant. Consequently, the velocity in any cross section increase which is presented in Fig.5c and 5d. As it is shown in Table 2 , the kinematic viscosity (υ nf = µ nf /ρ nf ) of nanofluid increases with increasing the nanoparticle volume fraction in a given Re, therefore the inlet velocity should be increased. In the previous works which are done with constant Reynolds numbers, it is not clear that the reported effects of nanofluid on heat transfer and friction factor are due to either the adding the solid nanoparticles to the base fluid or increasing the inlet velocity.
Skin friction factor
The local Poiseuille number at differentφ , Kn and Re is presented in Fig.6 for the first case (Ι) and second case (Π). The nanoparticle volume fraction does not have any effect on the nondimensional velocity at a given Re (see Fig.5a and 5b) . Consequently, it does not have any effect on the Poiseuille number in the micro or macro (Kn=0) scale for the first case (Ι) as depicted in Fig.6a and 6b , respectively. The Fig. 6c and 6d show that for the second case (Π) because of small variation in the Reynolds numbers, fRe does not change significantly when the nanoparticles volume fraction increases.
Temperature filed
The non-dimensional temperature and non-dimensional bulk temperature for three cases are presented in Fig. 7 . Increasing φ for the first case (I) decreases the temperature and bulk temperature at any cross section at a given Re. Is the reduction due to either increasing the nanoparticles volume fraction or increasing the inlet velocity?
Figures of second case (II)
show that increasing inlet velocity also reduces the temperature and the bulk temperature at any cross section like the first case (I). But increasing the nanoparticles volume fraction without increasing the inlet velocity does not have any significant effect on the temperature which is illustrated in Fig. 7 third row (third case (III)).
Nusselt number
Variations of the local Nusselt number in three cases are shown in Fig.8 . As it is reported by previous researcher, increasing the nanoparticles volume fraction increases the local Nusselt number in the non-slip and slip flow regimes for the first case (I) at a given Re. For the second case (II), increasing the inlet velocity also increases the local Nusselt number as well as increasing φ for the first case (I).
With considering the third case (III) in Fig.7, Fig.8 and Table3 it is obvious that adding solid volume nanoparticles to the base fluid increases the thermal conductivity and Prandtl number while the Reynolds number reduces. As a result, the Peclet number does not change significantly when the solid nanoparticles volume fraction increases. Consequently, increasing φ without increasing the inlet velocity does not have any significant effect on the local Nusselt number at the third case (III). This behavior also have been observed by Santra et al. [27] at low Reynolds number (Re<100) in which the Copper (with very high thermal conductivity K s =386) nanoparticles volume fraction does not have any notable effect on the average Nusselt number ( Fig.7 in [27] ) in isothermally heated parallel plates.
Conclusions
The Reynolds number in nanofluids studies depends on the inlet velocity and kinematic viscosity of nanofluid. The nanofluid kinematic viscosity increases with an increasing in nanoparticles volume fraction while the inlet velocity should be increased to keep the Reynolds number constant. Therefore, it is not clear that either increasing the nanoparticles volume fraction or increasing the inlet velocity has major role on heat transfer enhancement in nanofluids studies which are done at constant Reynolds numbers. • Results clearly show that at a given Reynolds number (Re), the non-dimensional velocity is not affected by the volume fraction of nanoparticles but the inlet velocity should be increased to keep Re constant.
• The nanoparticles concentration has not any notable effect on the Poiseuille number (fRe) at any Re.
• At a given Reynolds number, the temperature decreasing is not due to increasing the nanoparticles concentration, but it is due to increasing the inlet velocity.
• It is shown that at a given Re, the major enhancement in the Nusselt number is not due to increasing the nanoparticle concentrations but it is due to the increasing the inlet velocity to reach a constant Re. Increasing the nanoparticle concentration does not change the Peclet number significantly, therefore it does not have any significant effect on the heat transfer at a constant inlet velocity.
• Increasing the nanoparticles volume fraction increases density and dynamics viscosity which could increases pumping power. On the other hand, increasing inlet velocity increases pumping power at a given Re. It has been shown that the same heat transfer enhancement could be reached only with the same increasing in inlet velocity without employing nanofluids.
• Constant Reynolds number studies of nanofluids are not sufficient to evaluate the heat transfer and the skin friction factor due to the nanofluids usage.
Further numerical and experimental investigations are needed to develop an appropriate method such as constant pumping powers for investigation heat transfer due to the nanofluids application where could clearly answer to this question "Is nanofluids application useful and economic?" Table   Table 1 . Thermophysical Properties of nanoparticles and base fluid at 27 0 C. Table 2 . Calculated values for the first case (I) at a constant Reynolds number. Table 3 . Calculated values for the second case (II) at φ=0 and the corresponding inlet velocity values in the first case (I). Table 4 . Calculated values for the third case (III) at a constant inlet velocity and differentφ. Ameel [26] for Kn=0.04 and β=10 with infinity aspect ratio. 
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